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Abstract: Atherosclerosis ha. often been defined as a muUifactotaJ ^^'^^^^''^'^ 
common risk factor associated with accelerated vascular d.sease ^^JJ^^]^ 
elevated plasma cholesterol level. Even though there is no one P^^^^ ^^^^ 
completelly replicates the stages of human atherosclerosis ^hole«e«l eed^g and 
mechanic^ endothelial injury are two common features "^J ' ^^^"^^^^^^ 

by associated changes in plasma hp.ds '^^^^^ „.,iew will summarize the 

fhf meTo^ uS and conclusions drawn when evaluating pharmacologic agents .n animals. 




Introduction 

Atherosclerosis has often been defined as a multifactoral 
disease. In addition, hypercholesterolemia has become a widely 
accepted risk factor for premature development of coronary 
artery disease. Oassical thinldng argued that development of 
clinically significant atherosclerotic lesions was associated 
with two major processes. One is fibroccllular proliferation, 
which adds to intimal bulk and eventually leads to chroiiic 
ischemic syndromes via gradual constriction of the artenal 
lumen. The second piogess involves the combination of cellular 
necrosis and lipid deposition within the arterial intima. 
Enlargement of a lipid-rich core tends to erode the fibrous cap 
[1], eventuating in plaque rupture, exposure of circulating b^d 
to highly thrombogenic material and sudden ischemic ep«odes 
such as myocardial infarcUon (2.3]. Considering our classical 
understanding of atherosclerosis progression, the current article 
•will review the histologic landmarks of the various stages of 
atherosclerosis and also provide a dynamic understanding of how 
the stages might be interrelated. A comparison of vanous 
bypercholesterolemia-induced animal models of atherosclerosis 
will be made with a focus on their advantages and limitations 
when used to evaluate novel antiatherosclerotic drugs. Finally, 
the antiatherosclerotic activity «f inhibitors of acyf-coenzyme 
A choiesterol 0-acyltransferase (ACAT) Fig. (1) d-l*). 3- 
hydxroxy-3-me(hylglutar^l coenzyme A (HMG^CoA reductase) 
Fig (2) (15-18)-, 15-lipoxygenase C15-LO) and lipoprotein 
oxidation (anti-oxidants) Fig. (3) (19-22) will be discussed; 
however, an emphasis will be on describing how the models can 
discern the compound's direct 6om indirect antiatheroscleroUc 
activity. 
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Pathology of Atherosclerosis 

Atherosclerosis is a focal disease that has been shown to 
develop in a distinct pattern in both man and animals [44]. As 
depicted in Fig. (4). atherosclerotic lesion development can be. 
divided into six histologicaUy distinct stages ot lesion types 
and five dynamic phases [6,7]. The formation of an intimal 
cushion at disUoct sites within the arterial tree appears to 
precede the development of atherosclerosis and may be 
considered a normal aging process. Smooth muscle cells (SMQ 
migrate from the media, proliferate in the intima and secrete 
extraceUular matrix. Extracellular lipid accumulation that » 
primarily of Upoprotein origin [8] decorates the secreted 
collagen, elastin and proteoglycans of the developing intima. 
Oxidation of the insudant Hpoprotdns [9] appears to set up a 
chemotaetic gradient and stimulate endothelial cells to 
upregulate adhesion molecules, i.e.. vascular ceB adbesim 
molecule-l (VCAM-1) [10], responsible for the tecruiimeM ^ 
monocyte-macrophages. Monocyte-macrophages are a haflmak 
of Type I to ill lesions and arc both a culprit cell responsible Ibr 
promoting iesion development and a potential point ^. 
therapeutic intervention. The major difference in Type I to ffl 
'lesions lies in the relative amounts of monocyte-macrophage 
foam cells, SMC, extraceUular matrix and lipid and the gna* 
extent of these lesions on the arterial surface. Thcstf lesions^ 
have classically been termed fatty dots, fatty streaks or 
fibrolipid lesions to denote their relative extent and degree of 
fibrosis. Therefore, progression from the innocuous ratimal 
cushion to the Type HI lesion diat may occur over the first 20 to 
30 years of life can be characterized as Phase. I. 
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of atherosclerotic lesion progression (adapted from references [6. 7J). 



Fig. (4). Schemaiic represcrtiaiion 

Cholesterol and 4 to 8% fat [13] for 6 to 8 weeks has resulted in 
marked elevations in plasma cholesierol, i.e., 1000 to 3000 
mg/dl, cbolesteo'l ester accumulation in hepatic and peripheral 
tissues [14.15] and development of aortic macrophage foam cell 
enriched lesions. Development of atherosclerosis in the 
coronarics is limited to the small intramyocardial vessels and 
not the larger epicardial vessels as has been found in man [16]. 
The rabbit atherosclerotic lesions were reminiscent in cellular 
composition to Type ! to 111 human lesions. Kriichevsky and 
colleagues have performed numerous cholesterol feeding 
experiments in which they maintained the cholesterol 
supplcmeniation constant, i.e., 2%. and altered the i>'pc of 
dietary fat to further refine the role of cholesterol metabolism in 
atherosclerosis progression. A notable finding was that upon 
addition of 6% peanut oil or 6% coconut oil to a 2% cholesterol 
diet two histologically distinct atherosclerotic lesions 
developed [17.18]. Peanut oil supplementation produced aonic 
lesions that contained relatively little lipid but abundant smooth 
muscle eel! proliferation and collagen deposition. In Gonirast. 
addition of 6% coconut oil to the diet resulted in lesions with 
demonstrable intracellular lipid and intimah proliferation; 
however, less collagen and elastin were evident. Although 
elevated plasma cholesterol levels induce atherosclerotic lesions 
and dietary fat composition may affect the cellular composition 
of the lesion, in rabbits, prolonged hypercholesterolemia results 
in exponential cholesterol enrichment of many peripheral 
organs [19]. 

The marked cholcsteryl ester enrichment of peripheral 
organs such as the liver and spleen may be problematic when 
evaluating pharmacologic agents. Liver metabolism of 
compounds may be compromised or enhanced in animals fed a 
high cholesterol diet and the resulting plasma levels may be 
either an underestimate or overestimate of the actual efficacious 
drug levels. Feeding a 2% cholesierol diet results in marked 
plasma total cholesterol levels and cholcsteryl ester enriched 
beta-VLDL as the primary plasma lipoprotein {20J. Given the 
pro-alherogenic nature of beta-VL0L [21]. the direct 
antiaihcroscleroiic activity of compounds with mechanisms 



unrelated to cholesterol lowering may be masked due to the 
profound effect of beta-VLDL on monocyte-macrophage 
cholesteryl ester enrichment. We have noted that while 
compounds like ACAT inhibitors Fig. (1) (1-14) which prevent 
the accumulation of cholcsteryl esters are antiatberosclerptic 
under such conditions, the 15-LO inhibitor, PD146176 Fig (3) 
(19), lacks activity because it's mechanism of action may be 
related to oxidation of lipoproteins or pre-macrophage events 
such as monocyte adherence and transmigration. 

Rabbit models of atherosclerosis have been developed which 
limit the amount of dietary cholesterol supplementation [22]; 
however, such models are time consuming and for that reason 
may have limited utility for screening antiatherosclerotic 
agents. Wilson and colleagues [22] fed rabbits an agar-gel diet 
containing 19% butter arid 1% com oil for up to 5 years. Plasma 
total cholesterol levels were approximately 300 mg/dt aiid over 
the course of 5 years atherosclerotic lesions representing Type I 
to V lesions were noted. Advanced atherosclerosis can also be 
induced in a shorter time frame by intemiittent feeding of a 1% 
cholesterol, 5% cottonseed oil diet for 2 months followed by 6 
months of a chow diet and 2 additional months of the cholcsteml 
diet [23,24]. While plasma cholesterol levels fluctuated with 
dietary cholesterol supplementation, the five stages of 
atherosclerosis were present in both aorta and coronary arteries. 
Protracted feeding of a \ov/ cholesterol diet or intermittent 
feeding of high and low cholesterol diets produced 
histologically similar atherosclerotic lesions. Given the 
disparate plasma total cholesterol levels, these data suggest that 
the lipoprotein profile may play an important role in the rate at 
which atherosclerotic lesions develop. Feeding studies have 
indicated that beta-VLDL was the primary lipoprotein in rabbits 
fed a cholesterol diet while LDL-like particles predominated in 
animals fed a semisynthetic casein-enriched diet [25]. 
Morphologic and moqjhomctric analysis of rabbits fed either a 
0.125% to 0.5% cholesterol or casein-enriched diet for 6 monflis 
revealed that athcroscIeroUc lesions developed in both models; 
however, the nature and extent of lesions varied [25, 26]. At 
comparable plasma cholesterol levels, the cholesterol-fed 



Atheivsclerosis Models and Inlervention 

rabbits had appro3?imately twice the extent of aortic 
atherosclerosis relative to the casein-fed animals and Type IV-V 
lesions iJredoniinated. In the casein-fed ratibits. 30% of the aorta 
contained alheroscleroiic lesions that ranged in appearance from 
fatty dots to fibrous plaques with a necrotic lipid-rich core 
[25,26]. These data indicate that under a similar time frame and 
plasma cholesterol level the type of dietary supplementation can 
affect the quantity and type of atherosclerotic lesion that 
develops primarily by altering the major cholesterol caring 
lipoprotein, i.e.. beta-VLDL or LDL 

Genetic models of atherosclerosis, namely, the homozygote 
Watanabe Heritable Hyperlipidemic rabbit (WHHL) which lacks 
functional LDL receptors, have also been compared to 
cholesterol-fed rabbit models [27,28]. Uke the casein-fed 
rabbits, plasma cholesterol was primarily distributed in LDt. In 
WHHL rabbits, leukocyte margination, subendothelial 
accumulation of isolated lipid-filled macrophages, accumulation 
of SMC and formation of fatty streaks occurred over the first 4 
weeks Of life [27]. A similar sequence of lesion formation was 
noted in New Zealand White rabbits fed a 0.1% (o 0.2% 
cholesterol diet. Expansion of the lipid-filled monocyte- 
macrophage rich lesions, i.e.. Type I-III fatty streaks, occurred 
during the first 6 months in both types of rabbits while complex 
Type V fibrous plaque lesions were noted in the WHHL and 
cholesterol-fed rabbits by 13 months of age [28-30], An 
enrichment of cholesteryi ester, primarily cholesieryl oleate. 
was noted in the aorta of both animals over the course of 13 
months and such a finding was consistent with the morphologic 
data noted above [31]. Despite the differeht lipoprotein 
distribution, one must conclude that the development of 
atherosclerosis in WHHL and cholesterol-fed rabbit is very 
similar and occurs within a similar time frame. One might 
propose that the WHHL rabbits may be useful to assess agents 
which lower plasma cholesterol by altering lipoprotein 
production since these animals lack functional LDL receptors. 
Cholesterol-fed models are less expensive and time consuming 
and may be manipulated by altering the level of cholesterol 
intake to assess the significance of graded degrees of 
hycrcholesierolemia on cellular processes associated with lesion 
formation, e.g.. monocyte adherence, margination and foam cell 
formation. 

Thus far in the discussion of rabbits as models of 
atheiosclerosis it is apparent that human-like atherosclerotic 
lesions can be induced by elevating plasma cholesterol levels 
through continuous or intermittent feeding of a cholesterol diet, 
a casein-enriched diet or by deleting functional LDL receptors as 
in the WHHL rabbit. It is also quite obvious that in such models 
a great deal of lime is required to induce atherosclerotic lesions 
comparable to man, i.e.. 6 months to 5 years. 

Hypercholesterolemia and mechanical denudation of the 
endothelium in various vascular regions of the rabbit have been 
utilized to develop shorter-term models of atherosclwosis with a 
high degree of predictability as to the location and type of 
atherosclerotic lesion. Acute mechanical injury of the arterial 
vessel wall can be achieved using a variety of methods. A 
balloon embolectomy catheter [32] can denude the vessel and 
distend the media while gentle denudation can be achieved by 
drawing a nylon filament over the surface of the vessel [33, 34], 
Moderate injury and denudation occur following cutting of the 
internal elastic lamina with a metal or diamond tipped catheter 
135], Chronic endothelial damage has been shown to promote 
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thrombosis at the catheter tip and formation of fibrous lesions 
(36, 37]. We have used a combination of chronic endothelial 
injury using a surgically implanted sterile nylon monofilament 
and dietary cholesterol supplementation [38, 39]. Combination 
of hypercholesterolemia and endothelial injury has allowed one 
to develop a model of atherosclerosis that is reproducible, has a 
high incidence of lesion formation and a predictable lesion site 
and type. The character of the atherosclerotic lesion is dependent 
upon the degree, length and type of hypercholesterolemia 
induced. 

In summary, hypercholcsterolemic rabbits arc valuable 
models and the most widely used model for the evaluation of 
pharmacologic agents. Five types of human-like atherosclerotic 
lesions can be induced in the rabbit; however, the model is 
limited in that evidence of the complicated ruptured fibrous 
plaques cannot be found. Rabbits are also valuable for 
atherosclerosis research because unlike other models, 
atherosclerotic lesions progress even after removal of dietary 
cholesterol supplementation [23,40]. Evaluation of the direct 
anliatherosclerotic properties of hypocholcstcrolemic agentt 
requires normalization of plasma cholesterol levels by diet prior 
to drug adminisffation. Since rabbit atherosclerotic lesions ijnll 
become more complex following cholesterol removal, agents 
which act by directly altering cellular processes sucb as ACAT 
inhibitor that limit macrophage accumulation can be discerned 
and their effect on lesion progression/regression can be 
monitored. 

Hamster 

Another model of atherosclerosis, that has received recent 
attention is the hypercholesterolcmic hamster. Male hamsters 
fed a 3% cholesterol, 15% buaerfat diet for up to a month had 
elevated plasma cholesterol levels and the presence of Type I 
fatty dots and fatty streaks within the aortic arch [41], Within 3 
to 4 months of the very high cholesterol/fat diet, expansion of 
the fatty streaks into the" thoracic aorta around sites of 
intercostal ostia was noted [41], By 10 months of cholesterol 
supplementation when plasma cholesterol levels were l7-tiraej 
normal, advance Type V lesions were observed in the aortic an* 
of the hamster but their extent was quite limited, i.e., 30% of the 
cross-sectional vessel surface. Feeding hamsters a 0.2% 
cholesterol, 10% coconut oil for 10 wedcs [42] or 0.05* 
cholesterol, 10% coconut oil for 8 weeks [43] rcstilted in the 
accumulation of monocyte-macrophages within the aorta stth. 
Thus, shon-term feeding of a cholesterol and cither coconut oB 
or butterfat diet to hamsters is a model of subendothelial 
monocyte-macrophage foam cell formation. Atherosclerotic 
lesions can be found predictably within the inner curvature of the 
aortic arch and can be identified by staining with the lipid dye, 
Oil Red O. Such a model is useful due to its size for the acute 
evaluation of agents that may interfere with the eariy stages of 
lesion formation, e.g„ monocyte adherence, transmigration and 
foam cell formation. 

The hypercholcsterolemic hamster has been used for the 
evaluation of numerous pharmacologic agents with varying 
mechanisms of action. Doxazosin Ftg- (5) (23), an alpha-l 
adrenergic inhibitor, and cholestyramine Fig. (5) (24) 
decreased the extent of Oil Red 0-positivc macrophage foam 
cells; however, one could not discern that this was a direct effect 
on the arterial wall because plasma cholesterol levels were 
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Fig. (S). Broad group of compounds tcpoiKd to possess antiathwosclerotic ac 
reduced by both groups and doxazosin (23) lowered blood 
pressure [43]- Higher doses of doxazosin (23) did not have any 
greater lipid lowering effect but a more marked reduction in 
macrophage foam cell area was noted and such data is suggestive 
that the compound may have a direct effect on monocyte- 
macrophage accumulation m- The HMG-GoA reductase 
inhibitor, lovastatin Fig. (2) (IS), also was shown to reduce 
macrophage accumulation but again the changes were associated 
with a decrease in plasma cholesterol levels [44 . Inhibitor of 
angiotensin converting enzyme such as captopnl Fig. (5) (25^ 
without lowering plasma cholesterol and fosmopnl Fig. (5) 
(26) by lowering LDL cholesterol, reduced aortic arch 
macrophage accumulation 1451. An additional study w. h 
captoi^l (25) and fosinopril (26) aimed at assessing the ability 
of these compounds to regress hamster atherosclerotic lesions 
was performed [461. Both compounds were reported to reduced 
macrophage accumulation and thereby induce regression; 
however, while a group of animals was neciopsied at 4 weeks to 
-establish the degree of atherosclerosis prior to intervention 
only the drug treated animals were followed for an additional 6 
weeks. A control designed to assess the effect of plasma 
cholesterol lowering or continued cholesterol feeding without 
intervention was not included. The ACAT inhibitor, octimibate 
[47] Fig (1) (1). and endothelial subtype A receptor antagonist. 
BMS-182874 [48] Fig. (5) (27). both of -^ich lowered Pl^^^^ 
cholesterol, and the prostacyclin agonist. BMY42393 [47] Fig. 
(5) (28) in the absence of cholesterol lowering, have been 
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shown to limit macrophage accumulation in the 
bypercholesterolemic hamster. Thus, the bypetcholesterolemic 
hamster has proven to be a useful model for the assessment of 
compounds; however, the changes in plasina cholesterol and 
blood pressure confound the interpretation of the 
antiatheroscieroiic data and limit one's ability to ascnbe the 
activity to a direct effect of the compounds. 

Swine 

Swine are a non-rodent model of atherosclerosis in which 
atherosclerotic lesions have been found to develop 
spontaneously [49]. The pathogenesis of lesion development in 
pigs has been shown to closely parallel the stages of lesion 
foLation as seen in man 150-521. In addition, atherosclcmtic 
lesion development can. be exacerbated by combination of 
hypercholesterolemia and endothelial injury 153-56]. A strain « 
pigV with mutant apolipoprotein B alleles has been .dentifi«l 
and these animals have been shown to be hypercbolesterolemic 
due to defective lipoprotein clearance and prone to premature 
development of atherosclerosis [57-601. Unlike the rabbit and 
hamster where lesions predominate in the aorta. athcroscIerDtic 
lesions have been observed in cerebral [61] and coronary [62] 
vessels of the pig. Thus, swine are a useful model for the 
evaluation of atherosclerosis from the perspective that lesions 
develop spontaneously, their circulatory system and 
localization of lesions are similar to man and the lesions are 



■ AthtroseknmM0deUandltttemttdo 

responsive to dietary interventii,,. 'by exhibiting regression 
after prolonged periods 163,64]. 

Despite their similarity to man with respect to 
atlierosclerosis development, swine are not widely used for the 
evaluation of antiatherosclerotic agents. We have reported that 
the ACAT inhibitor. €1-976 Fig. (1) (2), blunted the 
progression of diet- and injury-induced atherosclerotic lesions in 
Yucatan miniature pigs potentially by inhibiting arterial ACAT 
and by lowering plasms VLDL-cholesterol levels [65J. The ACE 
inhibitor, perindopril Fig. (5) (29), was evaluated in 
hypercholesterolemia miniature pigs and noted to limit the 
development and monocyte-macrophage enrichment of aortic 
lesion; however, mean arterial Wood pressure (MABP) was 
reduced in the animals [66). Such reductions in MABP like the 
decrease in VLDL-cholesterol levels confound the interpretation 
of the data and limit one's ability to ascertain whether the 
compounds had a direct effect on lesion development. The 
limited a priori knowledge of a compound's effect on plasma 
cholesterol or blood pressure and the animal's inherent size are 
major disadvantages of using pigs for assessment of a 
compound's direct antiatherosclerotic potential. Miniature 
swine weigh approximately 12 kg at 4 months of age and in our 
studies feeding pigs a 2% cholesterol, 16% fat diet resulted in a 
doubling of their body weight within 4 months of diet 
initiation. Therefore, although swine are excellent models of 
atherosclerosis that mimic the human disease from the 
perspective of lesion pathology, such a model may be limited to 
evaluation of the antiatherosclerotic potential of compounds 
during their drug development stages rather than discovery 
phases. 

Monkeys 

Non-human primates have often been portrayed as ideal 
niodds of human atherosclerosis due to their close phylogenetic 
association to man: The morphologic charactensation of 
atherosclerotic lesion progression and regression has been 
performed in cynomlgoas {Macaco fascictdam:)[61-69l rhesus 
{Macaca mulatta) 170], cebus {Cebm albijrons) [71]. sqmrte^ 
(Saimiri sciitreus) [71J and pigtail (Maaica nemestrina) [72-75J 
monkeys. The pathology of atherosclerotic lesion development 
in various monkey species has been shown to be quite similar to 
man. Spontaneous development of atherosclerotic lesions is fare 
in non-human primates; however, like in the animals noted 
above cholesterol feeding has been shown to promote the 
development of atherosclerosis in the monkey. Expenmentaily 
induced advanced atherosclerosis in monkeys requires 
approximately 3 years and addition of dietary cholesterol 
supplementation to produce plasma cholesterol levels of 
between 350 and 500 mg/dl. The localization of atherosclerotic 
lesions was similar to man in that lesions were present in the 
coronary arteries, abdominal aorta and iliac arteries. Plasma 
cholesterol levels of 200-400 mg^dl have been noted to produce 
advanced Type V fibtous plaques in Macaca nemestrina after 3.5 
years of diet (72,73]. A retrospective evaluation of cebus and 
squirrel monkeys administered a normal diet without cholesterol 
supplementation and ranging in age from 12 to 20 years 
highlighted the difference in susceptibility to atherosclerosis 
and lesioii character [71]. The older squirrel monkeys were found 
to have advanced Type IV-V atherosclerotic lesions contammg 
lipid enrichment and a necrotic lipid core in the abdominal aorta 



while lesions from )r cebus monkeys were characterized as 

diffuse intimal thickening without lipid accumulation [71]. 
Thus, it is apparent from evaluation of monkey models of 
atherosclerosis that lesions of comparable character to man. 
swine and in some cases rabbits can be achieved; however, a 
combination of a lower plasma cholesterol level and a longer 
period of time is required for lesion progression. 

Few studies have been performed in monkeys using either 
dietary or pharmacologic intervention to promote lesion 
regression. After a 30 month lesion induction phase, switching 
cynomologous monkeys to a chow diet initially, i.e.. 6 months, 
results in a reduction in monocyte-macrophages and choiesletyl 
esters; however, intimal necrosis and free cholesterol 
monohydratc remain [67]. Within 12 months, the 
atherosclerotic lesions tended to resolve to an intimal scar with 
a lipid composition similar to normal vessels except for the 
presence of cholesterol crystals [67]. The bile acid scquestrant, 
cholestyramine Rg. (5) (24), the antioxidant, probucol Fig. (3) 
(20), either alone or upon coadministration was shown to 
promote atherosclerosis lesion regression in the rhesus 
monkeys [76] presumably due to lowering plasma cholesterol 
levels. Therefore, although atherosclerotic lesion development 
appears to mimic human disease progression, the utility of using 
these animals for drug discovery is limited by their availability 
and potential variability due to their underlying differences m 
age and degree of atherosclerosis progression. In addition, given 
the time frames required for lesion development in the monkey, 
rabbits fed a tow cholesterol diet may be a viable substitute as 
shown by Wilson and colleagues [22]. 

Transgenic Mice 

Due to advances in molecular biology and the realization ftat 
mice, in general, are normally resistant to the development of 
atherosclerosis [77], genetically engineered mice have been 
developed which are predisposed to hypercholesterolemia- 
induced disease- Two well-characterized transgenic mouse roodd$ 
of atherosclerosis are the apolipoprotein E (apoEHJcficieia 
mouse [78-80] and the low density lipoptotdn (LDL) receptor- 
negative mouse [81.82]. ApoE is a major component of f^asin* 
lipoproteins that has a high affinity for LDL iweptors and 
chylomicron remnant receptors [83,84] and may be important m 
facilitating reverse-cholesterol transport from peripheral 
tissues. The apoE-dencient mice have been shown to be 
hyperchoiesterotemic. i.e. 400 to 700 rog/d! at 5 to 55 weeks of 
age, while maintained on a chow diet [79]. Atherosclerooc 
lesions develop naturally over the time frame of 1 1 to 64 weeks 
within the aortic sinus and exhibit a similar histologic 
appearance as Type I to V lesions. Monocyte-macrophage fiiam 
cells predominate either as individual cells or clusters in the 
early staees of lesion development, i.e.. less than 28 weeks, 
while fibrosis,, intimal necrosis, acellular, necrose lipid-rich 
cores with evidence of cholesterol clefts can be found after 32 
weeks of age [79]. A similar histologic pattern can be seen in 
apoE-dericieni mice' fed a Western-type diet. i.e.. 0.!5% 
chotesterol; however, the timecourse of lesion developtnent is 
shorter and the extent of atherosclerosis is greater [80]. 
Cholesterol-fed apoE-dencient mice have plasma cholesterpt 
levels of 1000 to 4400 mg/dl over 6 to 40 weeks of age. 
Evidence of Type IV-V complex fibrous plaques can be seen as 
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early as 15 weeks and the lesions are not oniy present 
aortic sinus but also associated with the bifurcations of such 
major branch vessels as the cotnmon carotids, celiac, 
mesenteric, renal and iliac arteries [80]. 

The LDL receptor-negative transgenic mouse has also been 
developed [81.82], Unlike the apoE-deficient mice, 
atherosclerotic lesions do not occur naturally during the 
timeframes currently studied, i.e.. 6 months [82]. Dietary 
supplementation with 0.15% cholesterol results in plasma 
cholesterol levels of 900 to 1000 mg/dl over 6 months and the 
development of atherosclerotic lesions within the aortic sinus. 
The morphologic appearance and extent of atherosclerosis in the 
LDL receptor-negative mouse is similar to comparably fed apoE- 
deficient mice; however, plasma cholesterol levels are half that 
noted for the apoE-deficieni mice and there is greater variability 
in the latter mouse model [82]. Thus, both the apoE and LDL 
reccptor-deRcient mice are viable small animal models for the 
evaluation of atherosclerotic lesion progression. 

The utility of apoE and LDL receptor-deficient mice for the 
evaluation of antiatherosclerotic agents has yet to be 
determined. Few studies have been reported which utilize these 
mice in drug intervention studies. The antioxidant, N.N'- 
diphenyt l,4.phenylenediamine (DPPD) Fig. (3) (21) has been 
evaluated in apoE-deficicnt mice fed along with a 0.15% 
cholesterol diet for 6 months and was found to reduce the extent 
of aortic atherosclerosis by 36%, i.e.. control - 22%; DPPD (21 J 
- 14% lesion coverage [85]. In contrast, probucol Fig. (3) (20). 
another antioxidant with hypolipidemic properties, accelerated 
the development of atherosclerosis in apoE-deficient mice 
irrespective of whether the compound was administered in a 
chow or cholesterol containing diet and despite lowering plasma 
cholesterol level [86]. Such paradoxical observations raise an 
important issue relating to interpretation of the results of drug 
intervention studies in genetically derived mouse models. One 
must question the appropriateness of the model for testing the 
specific compound of interest. For instance, onlike the LDL 
receptor-negative mouse that is a model of a naturally occurring 
abnormality,. i.e., familial hypercholesterolemia. apoE-deficient 
mice possess a specific genetic deletion of an apolipoprotem 
that may be necessary for reverse-cholesterol transport. One can 
argue that if a compound's antiatherosclerotic activity is 
mediated through apoE metabolism such a mouse tnode! would be 
inappropriate for assessing the compound's activity. 

Numerous other transgenic mouse models have been 
developed. A few transgenic, mouse models of potential 
relevance to atheroscierosis from the perspective of lipoprotein 
metabolism are the human apoiipoprotein B [87], 
apolipoprotein (a) [88]. Lp(a) [89.90] and cholesteiyi ester 
transfer protein (CETP) [91] transgenic models. In addition, one 
might pi^dict that site specific deletions or overcxpression of 
pro-atherosclerotic molecules such as adhesion molecules. 
" growth factors, cytokines or integrins, for example, would be 
useful models for the assessment of direct acting 
antiatherosclerotic agents. A caveat to such an approach is 
exemplified by the comparison of the apoE- and LDL receplor- 
dencient mice. Both genetic defects resulted in a similar 
atherosclerotic lesion pathology and required some degree of 
hypeicholesterolemia. Therefore, temporal evaluations of icsion 
development in the presence and absence of pharmacologic 
agents may be more informative in assessing whether the 
specific gene product/defect exacerbates disease progression and 



whether pathologic redundancies limit the efficacy of the 
specific pharmacologic entity. 

Pharmacologic Intervention Studies 



Acyl-CoA:choIesterol 0-acy I transferase (ACAT) is the 
primary enzyme responsible for the esterification of cholesterol 
in all mammalian cells, but under conditions of excessive 
cholesterol accumulation in the vascular wall, ACAT may be 
responsible for the generation of the hallmark of 
atherosclerosis, namely, the monocyte-macrophage foam cell. 
Since ACAT and cholesterol esterification may be considered a 
pro-atherogenic event, we and others have hypothesized that 
inhibition of arterial wall- ACAT may prevent the foraialion of 
ihc macrophage-enriched fatty streak and the development of die 
clinically signiHcant fibrous plaque. In addition, given the 
observations that monocyte-macrophages are localized to the 
potentially friable shoulder regions of atherosclerotic lesions 
and in association with matrix degrading enzymes, one might 
speculate that by limiting the accumulation of monocyte- 
macrophages through inhibition of ACAT one would promote 
the development of a stable plaque morphology. 

Several inhibitors of ACAT have been evaluated in animals 
and they have been found to be antiatherosclerotic by measuring 
changes in lesion extent and/or cholesteryl ester enrichment. 
Schaffer and coworkers [92] reported that administration of 
CL277082 Fie. (IJ (3) to rabbits for 16 weeks after a 10-wcek 
lesion induct-ron phase resulted in a 49% reduction in aortic 
cholesteryl ester content, Cyclandalate Fig. (1) (4), a relatively 
weak inhibitor (IC50 = 80 (M) with on unknown mechanism of 
inhibition [93] was shown to blunt the increase in aortic total 
cholesterol content when given to rabbits in a low-cholesterol 
chow diet after a lesion induction phase [94], A more specific 
and potent inhibitor of ACAT, namely, RP-70676 Fig: (1) (5). 
administered in a similar manner as cyclandalate (4). was 
reported to decrease aortic free and cslerified cholesterol conti^ 
by 27 to 42% 195]- In addition, melinamide [96,97] Rg. (1) (6) 
and the fuiobenzochrome Fig. (1) (7) reported by Gammill «aL 
[98] were shown to prevent lesion formation in cholesterol-fed 
rabbits. Kimura and colleagues have also reported that a series 
of phenylureas Fig (1)(8,9.10) limited the progression of 
aortic atherosclerotic lesions in the rabbit [99,t00]. Other 
potent and systcroically bioavailable inhibitors of ACAT. 
namely. E5324 [tOt] Fig. (Ddl) and FR 145237 1102J Fig. 
(1)(12). significantly inhibited the progression and cholesterol 
enrichment of aonic atherosclerosis in rabbits. Cl-976:Fig. 
(1)(2), a potent, systemically bioavailable inhibitor of ACAT 
was evaluated in hypcrcholesteroleroic Yucatan micwpigs and 
was noted to prevent the formation of atherosclerotic lesions 
(651. Despite achieving plasma CI-976 (2) levels of 9 to 52 
times the IC30 for inhibition of ACAT in mouse peritoneal 
macrophages, an accepted in vitro model of foam cell formation, 
one was iefi to conclude in this model that the 
antiatherosclerotic activity of the compound may be related to 
reductions in plasma VLDL-chotcsterol since the 
antiatherosclerotic activity was highly correlated with plasma 
VLDL-cholesierol levels. Therefore, given the fact that m each 
of the studies cited above plasma total cholesterol levels were 
reduced in the animal models to the same extent or greater than 
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animals switched to a chow. low cholestero) diet, classification 
of these compounds as direct acting anliatherosclcrotic agents is 
difficult. 

Direct inhibition of arterial wall ACAT with a potent, 
systemically bioavailabte agent although much harder to discern 
both preclinically and clinically may provide a greater vascular 
benefit than can be achieved by plasma cholesterol towering 
alone. The ACAT inhibitor, CI-976 Fig. {1)(2). a fatty acid 
amide, was evaluated in a cholesterol-fed rabbit model of 
atherosclerosis at a dose that was bioavailable but did not lower 
plasma total cholesterol [39]. CN976 (2) prevented the 
accumulation of monocyte-macrophages within a preestablished 
nbrofoamy lesion, attenuated the development of thoracic aortic 
fatty streafc-iike lesions and decreased the cholesteryl ester 
enrichment of the developed lesions. We have also reported that 
two isoxazoles Fig. (1)(13, 14) which were bioavailable based 
on a bioassay designed to assess plasma ACAT inhibitory 
bioequivalents limited the development of thoracic aortic foamy 
lesions but were inactive in the mote fibroproliferative femoral 
lesions of the rabbit [103]. Others have also reported that in 
Watanabe heritable hyperlipidemic (WHHL) rabbits, a model of 
familial hypercholesterolemia lacking the LDL receptor, E5324 
[104] Fig. axil) and FR145237 [102] Fig. (1)(12) can limit 
the development of atherosclerotic lesions in the thoracic and 
coronaty arteries in the absence of plasma cholesterol lowering. 
Kogushi et al. [104] have also shown that E5324 (11) markedly 
reduced aortic ACAT activity; however, such a decrease may be 
related to the reduction in lesion and macrophage extent and not 
a representation of direct arterial wall ACAT inhibition. 
Considering the data with CI-976 (2), E5324 (11) and 
FR145237 (12), one can conclude that ACAT inhibition has the 
potential to limit atherosclciosis progression by specifically 
affecting vascular monocyte-macrophage accnmnlation. 
However, it is also quite apparent from the various sitidtes cited 
above that the experimental protocols can be quite varied. 

The animal experimental protocols can be classified into 
several major categories. Firstly, compounds were administered 
either at the initiation of dietary cholesterol supplementation 
and the animals were ncctopsied after 2 to 4 months of 
treatment These studies are often termed progression studies in 
that the effect of the compound on monocyte-macrophage 
accumulation or generation of Type 1 to Type in lesions is being 
studied. However, the hypocholesterolemic activity of the 
compounds limits the assessment of direct antiatherosderotic 
activity. Secondly, compounds were given after a degree of 
hypercholesterolemia and atherosclerotic lesion development 
has been established. In most cases, animals were fed a 
cholesterol diet for 8 to 10 weeks and administered the various 
compounds either in the same cholesterol diet or a chow diet for 
an additional 6 to 8 weeks. Such studies can assess whether 
compounds can limit the further progression of a preestablished 
lesion and/or promote lesion regression. The ability lb study 
lesion tegression is often lost because few studies randomize 
animals based on their plasma total cholesterol and necropsy a 
group prior to drug intervention in order to assess the type, 
extent and composition of the lesions. Under these regression 
paradigms the antiatherosderotic activity of the compound is 
best assessed when compared to either a group of animals 
switched to a chow diet or administered a cholesterol absorption 
inhibitor such as cholestyramine Rg. (5)(24) in order to match 
the degree of cholesterol lowering. Despite the extended period 



of hypercholesterolemia such rabbit models are still 
representative of eaiiy fibrofoamy lesions (Type I-III) and not a 
reflection of the more advanced Type IV-V fibrous plaques. 
Thirdly. WHHL rabbits that appear refractory to plasma 
cholesterol lowering caused by ACAT inhibition can be used to 
assess a compound's antiatherosderotic activity. The WHHL 
may be a very good model for the assessment of ACAT 
inhibitors in that plasma total and lipoprotein cholesterol 
levels remain relatively constant following treatment and more 
advanced atherosclerotic fibrous plaque lesions may develop in 
the long-term. Fourthly, as reported for Cl-976 (2), a 
combination of chronic endothelial injury and cholesterol 
feeding in either a progression or regression paradigm can allow 
one to not only assess the development and regression of 
atherosclerotic lesions but also determine whether the 
compounds have an effect on the cellular composition of a 
defined, well-characterized lesion with a greater than 99% 
incidence of occurrence. Finally, models of more advanced 
atherosclerosis can also be developed and used to assess whether 
ACAT inhibitors can limit the formation or promote the more 
rapid development of advanced fibrous plaques. Rabbits exposed 
to chronic endothelial injury within one week of study initiatioo 
and sequentially fed a cholesterol, fat diet for 9 weelcs, a fat only 
diet for 6 weeks and various compounds for 8 additional weela 
has allowed us to develop advanced fibrous plaques in the rabbit 
within 23 weeks and to further address the benefit of ACAT 
inhibitors. Therefore, numerous models have, been developed 
specifically for testing the direct antiatherosderotic acUvity of 
ACAT inhibitors; however, our conclusions ascribing the 
activity of the compound to direct inhibition of arterial ACAT is 
still based on circumstantial evidence. 

Numerous in vitro, biochemical and pharmacokineUc studie* 
have been perfonned in order to relate plasma drag levels with 
the compound's IC50 for macrophage ACAT inhibition. The 
basis for claiming that an ACAT inhibitor is directly 
anriathcrosdeiotic appears to be rooted in the concept that if 
plasma drag levels are maintained above the IC50 for inhibidoo 
of macrophage ACAT and plasma total and lipoprotein 
cholesterol levels are unchanged then the compound has direct 
aiiflatherosclerotic properties. One assumes that the coropwind 
at steady state will partition into the various atherosclerodc 
lesions and inhibit macrophage ACAT. Direct meastireroent of 
arterial wall ACAT and vessel drug levels have been pctformed 
[104). Given the observations that ACAT inhibitors liiiait 
arterial wall macrophage enrichment, i.c.. a source of arterid 
ACAT. one must be cautious in interpreting a reduction in 
arterial wall ACAT activity as evidence for direct ACIAT 
inhibition. A more plausible explanation is that there is a 
decrease in the amount of ACAT enzymfe due to a reduction in 
macrophage accumulation. Standardization of atherosclerotic 
lesion size and cellular composition prior to acute 
administration of the ACAT inhibitor aiid assessment of ACAT 
activity may provide more definitive proof of direct arterial wall 
ACAT inhibition. However, an absence of ACAT inhibitioiJ may 
be misleading in that during the microsome isolation procedures 
compounds may be. diluted out of the sample. Quantification of 
vessel drug levels is not only problematic and their accuracy can 
be questioned for the same reasons as noted above for rtic 
measurement of ACAT activity but alst* dreg extraction 
efficiency and metabolism become an issue. Although still 
drcumstantial another marker of arterial ACAT inhibition is the 
cholesteryl ester content of the vessel wall under compar^le 
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levels of plasma total cholesterol exposure and atherosclerotic 
[esion/macrophage extents. 

HMG-CoA Reductase Inhibitors 

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG- 
CoA reductase), in addition to being the rate limiting enzyme in 
the cholesterol biosynttietic pathway, is involved m the 
regutation of receptors for LDL-cholesterol [105.]. In 
experimental animals [106], and patients with hetero£ygous 
familial hypercholesterolemia [107] inhibition of hepatic HMG- 
CoA reductase leads to an increased number of LDL receptors on 
the cell surface, which ultimately results in an enhanced 
clearance of plasma LDL and a reduction in plasma total 
cholesterol levels. However. in nonfamtlial 
hypercholesterolcmic and familial combined hyperl.pidemic 
patients, HMG-CoA reductase inhibitors lower plasma 
cholesterol by inhibiting lipoprotein production [108]. 
Reductions in plasma total cholesterol of over 30% and m LDL- 
cholesterol of 40% have been observed in clinical tnals with 
various doses of atorvastatin [109] Fig. (2)(H)). lovastatin 
[1101 Fig. (2){15), pravastatin [111] Fig. (2K17), and 
simvastatin [112] Fig. {2)(18). In addition, the recent 
Scandinavian Simvastatin Survival Study (43) [113] has shown 
that lowering plasma cholesterol by 35% with diet and 
simvastatin (18) significantly reduces the risk of mortality by 
30% coronary heart disease mortality by 42%, and incidence of 
nonfatal myocardial infarction by 37%. The West of Scotland 
Study (WOSCOPS) has demonstrated that lowering plasma LDL- 
cholesterol by 26% with diet and pravastatin (17) sigmficantly 
reduced the risk of mortality from definite coronary events by 
31% [114] Thus, the data in man indicate that inhibitors oi 
HMG-CoA reductase by reducing pjasma cholesterol may im.t 
the development of atherosclerosis and reduce the risk of 
mortality. 

Several animal studies have also shown that lovastatin (15) 
and pravastatin (17) can attenuate atherosclerotic lesion 
development when plasma total and LDL-cholesteio are reduced 
ni5-l>81. ajid that atorvastatin (16) can limit lesion 
development independent of changes in Plas"'^/*;^^*!™' 
[119]. Due to the potent hypolipidemic activity of HMG-CoA 
reductase Inhibitors, the assessment of these compound s direct 
antlatherosclerotic potential in preclinical mo-l^'* J' 
athenjscleiosis Is difficult. However, companson of compounds 
with a similar plasma total cholesterol exposure may allow one 
,0 assess whether an a^ent has any inherent antiatheroscietotic 
properties. For instance, we reported that in a cholesterol-fed 
rabbit model of lesion progression, lovastatin (15) pravas a in 
(17) and atorvastatin (16) reduced plasma t°tal c^"'*^'*™ 
exposure over the course of the experiment by 37% to 4J% 
[119]. Given the linear relationship between plasma cholesterol 
and atherosclerosis extent noted previously [1201. one might 
expect that the degree and composition of the atherosclerotic 
lesions would be similar amongst the three treatment groups^ 
Despite cqiial plasma cholesterol levels, pravastatin (17) and 
lovastatin (IS) had no effect on thoracic aortic lesion extent or 
iliac-femoral cross-sectional lesion area. In contrast, 
atorvastatin (16) reduced the thoracic aortic lesion extent from 
44% to 19% and tliac-femorai lesion area by 67%. Thus, we 
concluded that atorvastatin can directly limit atherosclerosis 
lesion progression. 
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Evaluation of the vh. \ HMG-CoA reductase inhibitors in a 
rabbit model of atherosclerosis lesion progression highlights 
the power of the experimental design in formulating an 
interpretation of the data. Given the fact that plasma cholesterol 
levels were reduced, an analysis of a subset of compounds with 
the same cholesterol exposure allowed one to assess their 
relative antiatherosclerotic activity and also ascribe the activity 
to a direct effect on the lesion. Establishment of the effect of 
lipid-lowering on atherosclerosis development is an impoitant 
factor when assessing compound efficacy. Addition of control 
treatments such as cholestyramine Fig. CS)(24). a non- 
absorbable resin, or diets containing graded cholesterol 
contents are methods for assessing the antiatherosclerotic 
activity of a compound at defined plasma cholesterol levels. 
Reductions in lesion size, extent or composition above that 
predicted for a given plasma cholesterol level may indicate that 
the compound is directly altering a pro-athen>genic event. 

Comparison of biochemical, morphologic anti 
morphometric results may allow one to establish the 
consistency of the effect and to identify potential mechanisms 
for the observed antiatherosclerotic activity. For instance[n91. 
not only did atorvastatin Fig. (2)C16) decrease the extent of 
thoracic aortic atherosclerosis but also reduced the cholesteryl 
ester content of the thoracic aorta, a secondary marker that is 
reflective of the lesion extent and composition, i.e.. lipid . 
monocyte-macrophage enrichment. Examination of the 
histopathology of the atherosclerotic lesions and morphometnc 
changes following treatment allowed one to discern potential 
mechanisms responsible for the observed antiatherosderolic 
activity. For example, pravastatin Fig. (2)(17) had no effect on 
lesion or monocyte-macrophage area while atorvastatin Fig. 
(2)(16) reduced both parameters. One might conclude from these 
data that pravastaUn (17) lacked sufficient plasnia drag levds or 
did not penetrate the arterial wall and that atorvastatin (1€) by 
directly limiting lesion size through inhibition of sniooth 
muscle cell migration and proliferation indirectly reduced 
macrophage accumulaUon. The later hyP<?tI'«is if ^"i^"'"; 
with observations made by others which indicate that HMG-Q)A 
reductase inhibitors in tissue culture limit SMC proUfcraaoii 
(121-1231 and migration [124] by interfering with isoprenoid 
synthesis [125]- 

Therefore, by controlling for the degree of plasroa 
cholesterol lowering and combining multiple cfficaqr 
parameters, one might not only be able to discriminate the dire^ 
antiatherosclerotic activity of a compound from *at due to 
plasma cholesterol lowering but also by evaluating the structure 
of the atherosclerotic lesions identify potential mechanisms 
which can be tested in vitro or in appropriate animal models. 

Anti-Oxidants and 15-Lipoxygenase Inhibitors 

Steinberg and colleagues [126] have reported that 
oxidaiivcly modified LDL may be important in the ptogr«sion 
of atherosclerosis due to the observations that oxidized LDL is 
cytotoxic, chemotacltc and chemostatic. Oxidative modification 
of insudant plasma lipoproteins is presumably an extracellular 
event [126] and the rcsuUing oxidized lipoproteins have been 
implicated in the regulation of chcmokines .[127] and pro- 
atherogenic adhesion molecules [128]. Both apolipoprotcin B 
1129-132], the major protein in LDL. and lipid peroxides have 
been localized to atherosclerotic lesions [133]. Oxidatively 
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modified LDL or such oxidation products as malondialdehyde- 
conjugated LDL or 4-hydroxynonenal-conjugated LDL have been 
localized to WHHL rabbits [134-136]. Thus, one can conclude 
that oxidation of lipoproteins may be important in the 
development of atherosclerosis and that general antioxidants 
may be aniiatherosclerotic in both man and models of 
athcroscterosis. 

Several studies investigating the antiatheroscierotic activity 
of general antioxidants have been, performed in New Zealand 
white rabbits £137.i40J, WHHL rabbits [141,142], pigs [143] 
and monkeys [76] under a variety of experimental conditions. Jn 
cholesterol -fed rabbits, butylated hydroxytoluene (BHT) Fig. 
(3)(22), vitamins E plus C, vitamins E plus A and probucot Fig. 
(3)C20) limited the development of thoracic aortic lesions £137- 
140, 144-146]. Probucot (20) has been shown by numerous 
individuals to reduce the extent, cholesterol enrichment and 
cross-sectional lesion sire of atherosclerotic lesions in WHHL 
rabbits [141,142], balloon-injured normocholesterolemic pigs 
[143] and hypercholesterolemic monkeys [76]. Close 
examination of the lesion histopathology revealed that 
probucoi (20) reduced the extent of atherosclerosis by 
decreasing the abundance of monocyte-macrophages within the 
lesion [146]. Mechanistic studies in rabbits fed cholesterol for a 
short time period, i.e., 5 wks, indicated that probucoi (20) can 
limit the adhesion of monocytes to the endothelial cell surface. 
The single study in coronary artery balloon-injured pigs also 
indicated that probucot (20) can limit the development of 
primarily fibroproliferative lesions through presumably 
affecting SMC migration and proliferation [143]. Thus, one can 
conclude that antioxidants and specifically, probucoi (20), can 
limit the development and cellular composition of 
atherosclerotic lesions in various animal models of 
atherosclerosis irrespective of whether the compound was 
administered to animals with or without pre-established lesions. 

In most of the studies noted above, plasma cholesterol 
lowering was minimal so attempts to identify surrogate markers 
of vascular efficacy of the various antioxidants were made. 
Resistance of lipoproteins to oxidation was a major surrogate 
marker used by most investigators [l4i,I42J. Measurements of 
vascular reactivity were also made [I47,148J. in 
hypercholesterolemic rabbits, probucoi (20) treatment 
preserved endothelial function and vascular rings upon exposure 
to acetylcholine in organ culture were shown to relax normally 
[147]. The improved vascular responsiveness is quite remarkable 
and one can conclude that antioxidants may improve vascular 
function: however, while in both studies plasma total 
cholesterol levels were relatively constant among the control 
and probucol-treated (20) groups, one study [148] reported that 
the cholesterol content of vessels from the drug-treated group 
was reduced. Since atherosclerosis is comprised of multiple 
stages and drugs such as probucoi (20) can alter the type as well 
as cellular and lipid composition of the atherosclerotic lesions, 
coirelatton of pathology with functional changes is important 
in the assessment of drug efficacy. ExpcrimeBUl protocols can 
be designed to assess the inherent activity of compounds lo 
promote vasorelaxation. Given the observation that some 
agents lower plasma or vascular cholesterol levels, 
administration of agents to normocholesterolemic animals or 
atherosclerotic animals where plasma cholesterol levels are 
normalized by diet may allow one to assess whether the 
compound has a direct effect on vascular relaxation either in the 
presence or absence of underlying disease. 
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Based on the v Oology data and the localization of epitopes 
of oxidize LDL within the arterial wall, one can suggest that 
general antioxidants may be useful antiatheroscierotic agents. 
However, specific inhibitors of the oxidation process may allow 
one to target a specific pro-atherogenic process and to bener 
characterize the compound's activity in models of 
atherosclerosis. A new enzyme specific target, namely 
arachidonate 15- lipoxygenase (I5-LO), has emerged [149]. 
Arachidonate 15-lipoxygenase is a lipid-perbxidizing enzyme 
that is also present in atherosclerotic lesions. Investigators 
have found the 15-LO gene [1 50], stcreospccific products of the 
15-LO enzyme [151] and coiticident localization of -15-LO 
mRNA, protein and epitopes of oxidized LDL within 
macrophage-rich areas of atherosclerotic lesions [149]. We have 
identified a specific inhibitor of 15-LO, namely, PD 1 46 176 Rg. 
C3)(I9), and have evaluated the compound in several models of 
atherosclerosis [152,153]. 

Evaluation of P&146176 (19) in the hypercholestcrolentfc 
rabbit under three specific experimental paradigms has allowed 
us to conclude that in the absence of lowering plasma total and 
lipoprotein cholesterol levels PD146176 (19) can attenuate the 
development of diet induced atherosclerotic lesions through 
specific inhibition of monocyte-macrophage accumulation. In 
addition. PD 146176 (19) can limit the development and 
macrophage enrichment of pre-established atherosclerotic 
lesions. PDI46176 (19) administered to rabbits coincident wifli 
a cholesterol difet reduced the gross extent of foamy lesions 
(Type I-lII lesions) within and cholesterol enrichment of the 
thoracic and abdominal aorta [J 52], PD 146 1 76 (19) 
administered to rabbits coincident with a cholesterol diet and 
induction of a chronic endothelial injury not only reduced the 
progression of foamy thoracic lesions but also speciftcally 
limited the accumulation of monocyte-macrophages within a 
fibrofoamy iliac-femoral lesion without affecting the overaU 
lesion size [153], FD146176 (19) administered after 
establishment of fibrofoamy Type IV lesions through a 
combination of chronic endotheliai injury and dietaiy 
cholesterol supplementation reduced the extent, cross-scctioiiil 
area and monocyte-macrophage iwntent of the more advanced 
Type V fibrous plaque [153]. In aU three studies, assessment <tf 
plasma total and lipoprotein levels, vascoJar lipid content and 
histologic evidence for the presence of !5-LO in the lesions 
were necessary to corroborate the findings and maintain tbe 
implication that 15-LO was invoivcd. Thus, these data bigjiliglc 
the antiatheroscierotic potential' of a specific 15-LO inhitntor. 

The brief summary of the antiatheroscierotic effects of 
PDt46l76 (19) can also be used to exemplify the power of d» 
animal models of atherosclerosis. Hie simplest model, .a rabbit 
fed a 0.25% cholesterol, 3% peanut, 3% coconut oil diet 
illustrated that the compound can prevent the foimation of 
choicsteryl ester enriched Type UI foamy atherosclerotic 
lesions. One might propose that evaluation of rabbits fed 
cholestetol for shorter periods of time would allow one to asses* 
whether the observed antiatheroscierotic activity was due to 
reduced monocyte adherence. In the second rabbit model, 
induction of a fibrofoamy lesion by chronic endothelial injury 
allowed one to build upon the first observation and suggest that 
the compound specifically limited monocyte-macrophage 
accumulation because the absolute lesion cross-sectional area 
was unchangedl lii tbe most complex model, one was able to 
assess whether PD 1461 76 (19) could limit the progression of 
the disease to a fibrous plaque or promote regression of a 
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preesiablished fibrofoamy lesion. In addition, one can obtain 
such mechanistic information as to the involvement of 15-LO in 
advanced atherosclerosis and whether further monocyte- 
macrophage enrichment can be blunted. 

Conclusions 

Atherosclerotic lesion development can be divided into six 
htstoiogically distinct stages and five dynamic phases. 
Specifically, atherosclerotic lesion progression in man 
involves episodes of SMC proliferation, extracellular matnx 
deposition and remodeling, lipid infiltration, endothelial cetl- 
raonocyte interactions, monocyte migration into the mtima, 
monocyte-macrophage foam cell formation, necrotic lipid-nch 
core fomiation. calcium deposition, neovascularization, mural 
microthrombi and occlusive acute thrombosis. Given the 
complexity of atherosclerotic lesion development in man. the 
challenge exists to develop animal models that closely mimic 
the human disease. One must accept, however, that there is no 
one perfect animal model that completely replicates the stages 
of human atherosclerosis but that the models are useful m 
studying specific pathologic processes associated with the 
disease. Hypercholesterolemic rabbits either with or without 
endothelial injury are valuable models and the most widely used 
model for the evaluation of pharmacologic agents. Five types of 
human-lite atherosclerotic lesions can be induced in the rabbit; 
however, the model is limited in that evidence of the plaque 
ropmrc cannot be found. Hypcrcholesterolemic hamsters are a 
model of an early pro-atherogehic event, namely, subendothel.a 
monocyte-macrophage foam cell formation. Swine are a useful 
model for the cvaluaUori of atherosclerosis from the perspecuve 
that lesions develop spontaneously, their circulatory system and 
localization of lesions are similar to man and the lesions are 
iMponsive to dietary intervention by exhibiting regression 
after prolonged periods. Non-human primates have often been 
portrayed as ideal models of buman atherosclerosis due to their 
close phylogenetic association to mar,; however, lesions of 
companfcle characte^ to man can be induced more efficiently and 
over shorter Ome periods in swine and in some cases rabb.te 
through a combination of hypercholesterolemia and endothclia^ 
injury. Numerous transgenic mouse models have been developed 
in iwent years. A common findiiig among the vanous mouse 
models of atherosclerosis is that a similar atherosclerotic lesion 
pathology develops and afl require some degree of 
hypeicholestetolemia. Therefore, temporal evaluations of lesion 
development in the presence and absence of pharmacologic 
agents may be more informative in assessing whether the 
specific gene product/defect exacerbates disease progression and 
whether pathologic redundancies limit the efficacy o the 
specific pharmacologic entity. Based on evaluation of the 
various animal models and pharmacologic agents, one t;an 
conclude that: (1) each animal model provides ms.ght mto 
specific aspects of the disease process; U) a 
hypcrcholesterolemic state is required in all models for the 
development of atherosclerosis; (3) discrimination of the direct 
antialhcrosclerotic activity of a compound from it s indirect 
' activity requires one to limit the number of confounding factors 
eg hypocholesterolemic and antihypertensive effect; (4) 
combination of biochemical, morphologic and morphometnc 
measures allows one to both validate the antiatheroscleroiic 
effect and define potential mechanisms; (5) reducing monocyte- 
macrophage involvement irrespective of mechanism or animal 
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model effectively iimii. Ic development of atherosclerotic 
lesions. 

Abbreviations 

ACAT = AcyJ-coenzyme Axhoiesterol O-acyltransfeiase 

HMG-CoA . . , , 

reductase = 3-Hydxroxy-3-niethylglataryl coenzyme A 

15-LO = 15-Lipoxygenase 

SMC = Smooth muscle cells 

VCAM-1 = Vascular cell adhesion molecule- 1 

VLDL = Very iow density lipoproteins 

LDL = Low density lipoproteins 

WHHL = Watanabc heritable hyperlipidemic rabbit 

ACE = Angiotensin converting enzyme 

MABP = Mean arterial blood pressure 

ApoE = Apolipoprotein E 

CETP = Cholesteryl ester transfer protein 

4S = Scandinavian Simvastatin Survival Study 

WOSCOP = The West of Scotland Study 
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